Abstract-Vascular cognitive impairment is a term used to describe a heterogeneous group of diseases, including large vessel disease with strategic single and multiple strokes and small vessel disease with progressive damage to the deep white matter. Identification of patients with the progressive form of vascular cognitive impairment, referred to by some investigators as Binswanger disease, is important for treatment trials. Pathologically, Binswanger disease is associated with small vessel disease, extensive regions of demyelination, inflammatory cells around damaged blood vessels, and lacunar infarcts. Clinically, patients with Binswanger disease have impairments of gait and balance, focal neurological findings, and executive dysfunction on neuropsychological tests. White matter changes on MRI are thought to be due to hypoxic episodes related to hypoperfusion of the vulnerable deep white matter secondary to hypertension, diabetes, and other vessel diseases. Disruption of the blood-brain barrier suggests an inflammatory response. Matrix metalloproteinases are present in the brain of patients with vascular cognitive impairment and can be measured in the cerebrospinal fluid of some patients. Preliminary studies with quantification of the blood-brain barrier, using the multiple time graphical method (Patlak plots), supports disruption of the blood-brain barrier. Because no single clinical feature or diagnostic test is sufficient to identify patients with the small vessel form of vascular cognitive impairment, we propose that a multimodal approach will be needed to select patients for treatment trials. Key Words:
V ascular cognitive impairment (VCI) is an important cause of dementia that can occur in combination with
Alzheimer disease, particularly in an aging population, creating a large public health problem. 1 VCI is clinically heterogeneous, complicating diagnosis and treatment trials in the early stages, when treatment may be beneficial. 2 For purposes of classification, the term VCI has recently replaced vascular dementia and includes all patients with a vascular component to the intellectual decline. 3 VCI encompasses patients with large vessel strokes and small vessel disease. Research interest is currently focused on the patients with the progressive small vessel damage, which is referred to by some investigators as Binswanger disease, because the progressive nature of the illness makes it more amenable to clinical trials than the large vessel form, which is poorly predictable. 4 Diagnosis of patients with Binswanger disease requires the use of clinical history, neurological examination, neuroimaging, and selective biomarkers. Because none of these are accurate alone, a multimodal approach can be used to optimize diagnosis of the progressive form of VCI. Useful information has come from clinical findings, neuropsychological test results, MRI with proton magnetic resonance spectroscopy, and cerebrospinal fluid (CSF) measurement of protein and matrix metalloproteinases (MMPs). 5, 6 MRI identifies patients with white matter hyperintensities, which, in studies of large populations, are associated with small strokes and cognitive decline. 7 However, 30% of normal individuals over 65 years of age have moderate white matter hyperintensities on MRI and 7% have severe white matter hyperintensities, limiting the usefulness of MRI in diagnosis of an individual patient. 8 These changes are strongly correlated with age and duration of hypertension and are improved with treatment of hypertension. 9 Proton magnetic resonance spectroscopy identifies regions of white matter hyperintensities that are ischemic. 6, 10 Pathological studies in patients with VCI demonstrate an inflammatory response in the regions of myelin loss around blood vessels. 11 MMPs are found in the inflammatory cells and in reactive astrocytes and microglia. 12 Increased levels of MMPs are found in the CSF of patients with VCI. 5 In patients with diabetes mellitus, changes in cognition are associated with abnormalities in the blood-brain barrier (BBB) that can be seen with contrast-enhanced scans, but such changes have not been seen in nondiabetic patients. 13 
Small Vessel Disease in the Clinical Spectrum of Vascular Cognitive Impairment
Hypertension and diabetes mellitus are the major factors related to small vessel disease in the brain. Rarer causes include vasculitis of the central nervous system, the antiphospholipid antibody syndrome and congenital diseases such as cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy, and Sneddon syndrome. Clinical symptoms usually begin with gait problems, mild cognitive decline, and small strokes. 14 Lacunar strokes and damage to the white matter lead to focal findings with imbalance and weakness. Neuropsychological testing shows abnormalities in multiple areas, including organizational or executive skills. Memory function may be intact or minimally affected in the early stages and language is generally preserved, which is an important finding that separates VCI small vessel patients from those with Alzheimer disease, particularly those with mild cognitive impairment. As the illness progresses, patients may have strokes and a few develop enlarged ventricles, leading to the diagnosis of normal pressure hydrocephalus. Neuroimaging shows attenuated white matter on CT and hyperintensities on fluidattenuated inversion recovery or T2-weighted MRI.
Pathological Studies in Small Vessel Disease
Pathology studies provide the most reliable basis for diagnosis. 15 In Binswanger disease, there is gliosis of the white matter with inflammatory cells in the white matter around blood vessels and in the vicinity of demyelination. There is white matter injury that is consistent with demyelination, but other causes for the loss of myelin are possible. The demyelination is generally seen around vessels associated with pathological changes in the blood vessels, particularly in the medullary arteries of the deep white matter. White matter shows extensive astrogliosis associated with fibrohyaline changes in the blood vessels, which contain serum components that suggest disruption of the BBB. Markers of inflammation such as cyclooxygenase-2 are seen in microglia/macrophages around blood vessels along with extravasated proteins, suggesting disruption of the BBB. 16 MMPs are increased in macrophages and reactive astrocytes in VCI. 12 Immunostaining showed hypoxia-inducing factor-1␣ in white matter suggestive of hypoxic hypoperfusion. 17 Reactive astrocytes, fibrinogen, and microglia activation are found in regions of demyelination. 18
Cerebrospinal Fluid Matrix Metalloproteinase in Vascular Cognitive Impairment
Matrix metalloproteinases are increased in the CSF in VCI. 5 Gelatinase B (MMP-9) was found to be elevated compared with controls, but levels of gelatinase A (MMP-2) were not found to be significantly different than the controls. 5 MMP-9 is a proinflammatory enzyme that is only produced under an injury stimulus, and MMP-2 is a constitutive enzyme that is present normally in a latent form and undergoes activation during injury and repair. 19 These enzymes, which can be quantitatively measured with gelatin zymography, are elevated in CSF in a number of neuroinflammatory conditions, including acute stroke, infections, and multiple sclerosis. 20 Although MMP-2 is present normally in CSF and is not elevated in groups of patients with VCI, in a small group of patients, plotting MMP-2 against MMP-9 showed that those with higher values of both were more likely to have the small vessel form of VCI than the large multistroke form (Figure 1) . However, further studies will be needed to confirm these preliminary results.
Blood-Brain Barrier Permeability
Opening of the BBB has been postulated from the finding of elevated albumin in the CSF and brain of patients with VCI, 
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serum proteins in the brain at autopsy, and demonstration of leaky vessels with gadolinium-enhanced MRI in patients with diabetes. 21 Quantification of BBB permeability has been done in animals with gadolinium DTPA using a fast T1-weighted imaging method based on multiple timed graphical plots (Patlak plots), which was originally developed for autoradiography with radiolabeled aminoisobutyric acid. 22 We have adapted the Patlak plot method to humans for use in measurements of BBB permeability in patients with VCI; this is part of a long-term study to identify potential biomarkers in VCI that could be used for identification of inflammatory lesions. We have identified a group of patients with VCI who have increased permeability to gadolinium DTPA in the white matter compared with age-matched control subjects (Taheri et al, unpublished data). A contrast-enhanced MRI permeability map using the Patlak method reveals regions of increased permeability within the white matter hyperintensities ( Figure 2 ). These preliminary data support the concept that a subset of patients with VCI could have an inflammatory process with disruption of the BBB. Further studies are underway to correlate clinical findings in the patients with and without enhanced permeability and to correlate that information with CSF findings.
Matrix Metalloproteinases, Blood-Brain Barrier Damage, and White Matter Lesions
Several etiologies have been proposed to explain the progressive demyelination seen in VCI. Damage to the BBB with leakage of serum components in the white matter has been postulated, but the substrates in the blood that lead to the damage have not been identified. Hypoxic hypoperfusion is another possible mechanism. Because the long medullary arteries that supply the deep white matter may undergo fibrosis, cerebral blood flow to these end arteries in a watershed region could be compromised, leading to episodic induction of hypoxia-sensing substances such as hypoxia inducing factor-1␣, which would induce inflammation. The presence of serum proteins, macrophages, and MMPs in the lesions supports an inflammatory etiology. Several potential triggers for the inflammation exist. Damage to the blood vessels from hypertension and diabetes could initiate repair of the vessels by the activation of astrocytes and microglia, leading to gliosis and inflammation. Reactive astrocytes and microglia secrete a wide variety of potentially damaging substances, including free radicals, cytokines, and proteases. Normally, inflammatory cells remove tissue debris from an injury site, but also participate in the repair process. Gliosis and fibrosis may take place as part of the remodeling of the extracellular matrix. As a consequence of this repair process, proteases may be released in the vicinity of the myelin. Several proteases, including the MMPs and serine protease, have been shown to cause demyelination. 23, 24 
Challenges for Future Studies
Although there is no single measure that can be used to diagnose patients with the small vessel progressive form of VCI, combining information from the clinical examination, neuropsychological testing, white matter lesion pattern on MRI, proton magnetic resonance spectroscopy, BBB permeability, and CSF protein and MMPs will provide a comprehensive picture that improves accuracy of diagnosis early in the course. If inflammation can be proven to be an important component of the progressive white matter damage, treatment trials with novel approaches may be possible. . E, FLAIR image from a normal elderly control subject without white matter hyperintensities. F, Permeability map showing absence of increased permeability. Note that the color coding is not comparable in the patients and control subjects because the permeability scale is ϫ10 Ϫ3 in (mmol/kgϪmin) in the patients and ϫ10 Ϫ4 (mmol/kgϪmin) in control subjects, indicating the lack of enhancement in the control subjects. (Courtesy of Saeid Taheri, PhD.)
